A B S T R A C T Thrombin and poly-1-lysine alter the incorporation of acetate, glycerol, and fatty acids into the lipids of washed human platelets. Both aggregating agents decrease the incorporation of acetate into all lipid classes other than free fatty acids. Similarly, glycerol incorporation into complex lipids is impaired by both thrombin and polylysine. Thrombin caused marked depression of the incorporation of palmitic acid into both lecithin and triglycerides. By contrast it enhanced the incorporation of oleic acid into lecithin, but not into triglycerides. The data suggest that the process of primary platelet aggregation is associated with a defect in the assembly of complex lipids.
INTRODUCTION
Platelets undergo unique reactions as they participate in the formation of a hemostatic plug. In a series of reactions initiated by the exposure of platelets first to collagen, then to adenosine diphosphate. and finally to thrombin, they swell, aggregate, and discharge many of their intracellular components into the surrounding plasma medium. The purpose of this report is to examine the effect of aggregation on the formation of platelet lipids from acetate, glycerol, and from fatty acids. We have used thrombin and poly-l-lysine as the aggregating agents to examine the specificity of the alterations in lipid metabolism.
Our data indicate that both thrombin and polylysine cause a marked impairment of fatty acid synthesis from acetate and complex lipid formation from both acetate and glycerol. Furthermore the uptake of saturated fatty acids from plasma and the subsequent incorporation of those fatty acids into complex lipids is markedly depressed by both aggregating agents but the incorporation of oleic acid into phospholipids is markedly enhanced.
immersing the flasks in an ice bath for 2 min and then transferring the chilled contents of the flasks to iced centrifuge tubes. The platelets were then separated from the incubation medium by centrifugation at 2500 g for 15 min at 40C. Attempts to transfer aggregated platelets that had not been chilled led to variable recovery of platelets. Prechilling of the platelets before transferring led to complete recovery as determined by measuring the protein content of the platelet pellets after centrifugation. The platelets were then washed twice at 4 6.5 and finally resuspended in 2 ml of buffer in preparation for lipid extraction.
In certain experiments 0.9 ml of buffer was replaced by an equal volume of defibrinogenated plasma. The plasma was prepared by heating normal human plasma to 560 C for 30 min, and then separating the precipitated fibrinogen and other denatured proteins by centrifugation. The plasma was then dialyzed extensively against modified Gaintner's buffer as previously described (1) .
Fatty acid studies. Fatty acids were complexed to albumin in defibrinogenated plasma by dissolving the fatty acids (sp act approximately 50 mCi/mM) in acetone at a final concentration of 100 /ACi/ml. 2.5 ,ul of acetone (0.25 /ACi, 5 X 10' /Aeq) was added per milliliter of plasma by introducing the acetone under the surface of the plasma with constant swirling. The acetone was then driven off by incubation at 37°C for 1 h under a constant stream of nitrogen. The addition of this amount of fatty acid produced an insignificant change in the plasma free fatty acid concentration (0.2-0.5 Aeq/ml). Incubations were conducted as in the acetate experiments, except that 0.9 ml of labeled plasma replaced 0.9 ml of buffer. The reactions were terminated as in the acetate experiments except that the platelets were washed twice in a solution of phosphate buffer: dialyzed (unlabeled) plasma, pH 6.5 (1: 1 vol/vol) to remove unreacted and dissociable fatty acids from the platelets.
Glycerol experiments. Incubations with glycerol were conducted as in the acetate experiments except that [2-3H] glycerol replaced sodium [1-14C] acetate as the radioactive precursor. The concentration of glycerol was that employed by Lewis and Majerus (3) , 10A mol/liter. In these studies no experiments with plasma were performed.
Extraction of lipids
Lipids were extracted from platelets and incubation media by a modified Folch procedure as previously described (1) except that the chloroform phase was washed five rather than three times.
Thin-layer chromatography
Lipid classes were resolved by bidirectional thin-layer chromatography (TLC) on Silica gel H as previously described (1), using solvent system I to resolve phospholipids and neutral lipids. In certain experiments the first direction of solvent system I, which does not resolve phosphatidyl serine and phosphatidyl inositol, was replaced by a system slightly modified from that described by Cohen, Derksen, and von den Bosch (4) . Thin-layer plates were coated (0.5 mm) with a slurry prepared from 50 g Silica gel H, 0.5 g (NH4)2HP04, and 110 ml of water. Phospholipids were resolved with a solvent system of chloroform: methanol: acetic acid: water (150: 90: 24: 9 vol/vol). In this system phosphatidyl serine and phosphatidyl inositol were separated, but phosphatidyl ethanolamine and ceramide were not well resolved.
Gas-liquid chromatography
The preparation of methyl esters of platelet and medium lipids and the subsequent separation of the esters by GLC were performed as previously described (1) except that the column was maintained at 180°C.
Assay of radioactivity
The radioactivity of liquid extracts and of samples separated by TLC and GLC was assayed as previously described (1).
RESULTS
The effect of thrombin and poly-l-lysine on acetate incorporation into platelet lipids. In buffer incubations aggregation of platelets by both thrombin and polylysine impaired acetate incorporation into total platelet lipids (Fig. 1) . For both agents the effect was a function of the concentration used to aggregate the platelets. At a concentration of 0.25 U/ml thrombin produced a 31% reduction of acetate incorporation into total lipids; at a thrombin concentration of 1 U/ml there was a 73% reduction of incorporation; at 5 U/ml, thrombin completely blocked acetate incorporation. Polylysine caused a similar reduction of acetate incorporation into total lipids ( Fig. 1) . At a final concentration of 20 /Ag/ml, there was a 65% reduction of lipid labeling. By contrast to thrombin, increasing concentrations of polylysine above 20 /ig/ml produced little further effect on acetate incorporation. There was no release of newly labeled lipids into the buffer medium by either control platelets or by platelets aggregated by either thrombin or polylysine.
In plasma incubations the incorporation of acetate exhibited a different response to thrombin from that observed in buffer incubations (Fig. 2) . At low doses of thrombin there was a stimulation of incorporation of acetate into total platelet lipids, and at a thrombin concentration of 1 U there was only a 22% inhibition of acetate incorporation. At 5 U/ml however, there was a 59% reduction of acetate incorporation. As in our previous experiments (1) in the absence of thrombin approximately 40% of the radioactivity recovered in lipids was found in the plasma. Aggregation by thrombin did not alter the partition between platelets and plasma of lipids synthesized from acetate (Fig. 2) .
Direct measurement of the stability of thrombin indicated that there was no decrease in thrombin activity in buffer over a 60 min interval. In plasma, however, thrombin activity fell rapidly during the initial minutes of incubation and was undetectable after 30 min.
The time course of acetate incorporation into platelet lipids after aggregation by thrombin (1 U/ml) and by polylysine (20 /Ag/ml) was examined in buffer incubations (Table I much slower rate than in control incubations. The differences were significant (P < 0.02) (Student's t test) at 15 min (not shown) and highly significant (P < 0.001) thereafter. There was diminished uptake of acetate into lipid classes except free fatty acids (Table I) . Absolute incorporation of acetate into free fatty acids did not differ from control values at any time interval. Expressed as a percent of total incorporation, however, accumulation of radioactivity in free fatty acids was enhanced at all time intervals. The effect of polylysine was similar to that of thrombin, in that after the formation of aggregates, incorporation of labeled acetate proceeded at a slower rate than in control flasks ( Table I ). The differences in total incorporation was significant (P < 0.02) at 30 min, and was highly significant (P < 0.001) at 60 min. As in the thrombin experiments, incorporation into all lipid classes other than free fatty acids was diminished (Table I) , although to a lesser degree than in the thrombin-aggregated platelets. Again, when the radioactivity in free fatty acids was expressed as a percent of the total incorporated into all lipids, the contrast between the labeling of free fatty acids and the remaining lipid classes was apparent.
The effect of a lower thrombin concentration on the incorporation of acetate into platelet lecithin and free fatty acids is shown in Fig. 3 . At a concentration of 0.1 U/ml, total incorporation during the first 30 min of incubation did not differ from the control values, although there was a decline in incorporation after 30 min. Incorporation into fatty acids exceeded that of the controls. By contrast, incorporation into lecithin was decreased at all time intervals.
To examine the effect of thrombin and polylysine on the synthesis of individual fatty acids from acetate, methyl esters of fatty acids were prepared from total platelet lipid extracts, and individual fatty acids vere resolved by GLC. In control and in both thrombin-and polylysine-aggregated platelets, radioactivity accumulated primarily in saturated fatty acids from C14:0 to those longer than C24 :0. For clarity of presentation the fatty acids were grouped into those labeled by de novo synthesis ( e C16:0) and those labeled by both de novo synthesis and chain elongation (Table II) The effects of thrombin and poly-l-lysine on the synthesis of platelet lipids from glycerol. Both aggregating agents produced a decrease in glycerol incorporation into platelet lipids (Fig. 4) most apparent at the earlier intervals. At 5 min there was an 84% reduction in glycerol incorporation into total lipids in thrombin-aggregated platelets compared with control platelets and a 71% decrease of glycerol incorporation into total lipids in polylysine-aggregated platelets. After 30 min of incubation, the rates of incorporation of glycerol into total lipids were more similar to those of control platelets.
Glycerol was incorporated into both phospholipids and neutral lipids. In preliminary experiments we utilized a modification of the solvent system described by Cohen and his associates (4) to resolve phosphatidyl serine from phosphatidyl inositol. At all time points over 90% of the radioactivity of the two phospholipids together was present as phosphatidyl inositol. Since the combined total did not exceed 20% of the total glycerol incorporated by control platelets, and since the effect of aggregation was to reduce further the counts in both fractions, in subsequent experiments we employed our usual solvent system which does not resolve phosphatidyl serine from phosphatidyl inositol, but does resolve lecithin and phosphatidyl ethanolamine clearly from other phospholipids. Fig. 1 cent of the total glycerol incorporated at each time point. In control platelets, glycerol incorporated into lecithin represented a progressively increasing proportion of the total; conversely, triglyceride radioactivity, greatest at 5 min thereafter constituted a progressively decreasing fraction of the total.
Both thrombin and polylysine caused alterations in these patterns of distribution of radioactivity. In aggregated platelets, the relative increment in lecithin platelets either did not occur (thrombin) or was attenuated (polylysine). At 60 min, when 37% of the total radioactivity in control platelets was present in lecithin, in thrombin-treated platelets lecithin comprised only 21% of the total. In control platelets triglycerides contained 35% of the total glycerol taken up by the platelets at 5 min, but only 16% of the total in both thrombin-aggregated platelets and in polylysine-aggregated platelets.
In longer incubations the fraction of the total radioactivity in triglycerides declined still further.
The effect of thrombin and poly-l-lysine on the incorporation of preformed fatty acids into platelet lipids. Both Thrombin decreased the incorporation of palmitic acid into lecithin at all time intervals (Fig. 5) . By contrast, it stimulated the incorporation of oleic acid into lecithin (Fig. 6 ). The stimulation was most evident during the first 15 min of incubation. Thereafter, the rate of incorporation paralleled that of nonaggregated platelets.
In other experiments (not shown) we found that the incorporation of stearic acid into lecithin was depressed by thrombin, while that of linoleic acid did not differ from control values. In contrast to its effects on lecithin formation, thrombin depressed the incorporation of both palmitic and oleic acids into platelet triglycerides (Fig. 6) . Similarly, the incorporation of stearic and linoleic acids into triglycerides was also depressed by thrombin.
The pattern of incorporation of fatty acids into phosphatidyl ethanolamine was similar to that observed for lecithin (Fig. 7) . Thrombin depressed incorporation of palmitic and stearic acids, enhanced the incorporation of oleic acid and did not alter the overall rate of incorporation of linoleic acid. There was minimal alteration in the incorporation of the four fatty acids into the combined phosphatidyl serine and inositol fractions. The effects of polylysine were similar in that the incorporation of saturated fatty acids into lecithin and phosphatidyl ethanolamine was depressed (Fig. 7) . However, in polylysine-aggregated platelets the overall rates of incorporation of oleic and linoleic acids into lecithin and phosphatidyl ethanolamine were both similar to control values; no stimulation of oleic acid incorporation was observed. There was only slight depression of labeling of phosphatidyl serine and inositol by the saturated fatty acids. As with thrombin, polylysine depressed the formation of triglycerides from all four fatty acids.
In both control and in aggregated platelets there was heavy labeling of the platelet free fatty acid fraction by each of the fatty acids studied. Since the platelets were washed extensively with unlabeled plasma before extraction, the radioactivity present in the free fatty acid fraction represented fatty acids bound by the platelet, presumably at the plasma membrane (5-7). There was no consistent change in the free fatty acid radioactivity during incubation, in either control or aggregated platelets. Representative experiments are described in Table  IV . Neither the stimulation of incorporation of oleic acid into lecithin by thrombin nor the depression of stearic acid incorporation into lecithin by polylysine nor the impaired incorporation of all four fatty acids into triglyceride reflected changes in free fatty acid radioactivitv. (810) , that the platelet is capable of both de novo synthesis of fatty acids as well as chain elongation. In buffer incubations we found that after 60 min of incubations 75%0 of the total lipid radioactivity was found in three major classes: ceranlide, lecithin, and free fatty acids. In plasma incubations, exchange of labeled intracellular free fatty acids waith the large unlabeled pool of albuminbound plasma free fatty acids trapped labeled free fatty acids formed within the platelet in the plasma incubation medium. As a result, in plasma incubations 40% of the total lipid radioactivity was found in the plasma, virtually all in free fatty acids, but in buffer incubations in the absence of a receptor protein for free fatty acids, no newly labeled lipids were released into the medium.
The data presented in Fig. 1 demonstrate that both thrombin and polylysine impair the overall incorporation of acetate into platelet lipids. At a concentration of 1 U/ml of thrombin and 20 tg/ml of polylysine there was a comparable fall of acetate incorporation from 480 pmol/109 platelets per h to 133 pmol/109 platelets per h, a decrement of 65%.
In plasma incubations (Fig. 2) higher concentrations of thrombin were required to produce a decrease of acetate incorporation, presumably due to rapid inactivation of thrombin by plasma antithrombin, which survives, at least partially, heating to 560C for 30 min. does not prevent exchange of free fatty acids between platelets and plasma.
The time course of incorporation of acetate into total lipids was linear in control platelets (Table I) . At early time points both polylysine-and thrombin-aggregated platelets took up as much acetate into platelet lipids as nonaggregated platelets, but thereafter the rate of incorporation progressively declined. As indicated in Table I, however, the effect of aggregation was not uniform in that the incorporation of acetate into free fatty acids in aggregated platelets did not differ from the control values whereas the incorporation into all other lipid classes was impaired. The data in Table II extend these observations in that they indicate that at 10 min when neither agent had yet caused a decrease in total incorporation, there was a stimulation of fatty acid formation by de novo synthesis.
The data in Fig. 3 indicate that a defect in complex lipid formation can be distinguished from the overall impairment of acetate incorporation. At a dose of 0.1 U/ml, thrombin did not affect total acetate incorporation for at least 30 min. Concomitantly, the free fatty acid fraction in the thrombin-aggregated platelets was labeled to at least the same degree, as in the control platelets. Nevertheless, there was a decrease in acetate incorporation into lecithin at all time points.
The data from the glycerol incorporation studies (Fig.  4 These authors have previously reported that thrombin causes an impairment of glycerol incorporation into phospholipids. They did not investigate the effects of thrombin on neutral lipid synthesis. We did not observe the absolute increase in glycerol incorporation into phosphatidyl serine reported by Lewis and Majerus, but we did not study time points earlier than 5 min. We found, as did they, that thrombin caused a preferential decrement in lecithin formation, but they did not report the effect of thrombin on triglyceride synthesis.
As with the acetate experiments we have not excluded the possibility that a portion of the decreased incorporation reflected dilution of the intracellular pool of glycerol, thereby producing an apparent decrease in the rate of formation of complex lipids. Indeed, several authors have demonstrated that thrombin stimulates glycolysis which might well dilute the specific activity of the intracellular pools of glycerol (11) (12) (13) (14) . However, the reported stimulation of glycolysis by thrombin was apparent only after a significant delay whereas in our experiments the effects of thrombin on complex lipid formation was most apparent at early time points and became less evident after 30 min. In addition the effects of both polylysine and thrombin were not uniform. If the decrement in incorporation reflected only dilution of labeled precursors, then we would have expected uniform dilution of label in all lipid classes. In addition the exogenous pools of added substrate were so large as to render unlikely the enormous dilution required from endogenous pools.
The studies of fatty acid incorporation provide direct evidence for impaired complex lipid synthesis in aggregated platelets. As indicated in Fig. 5 and 6 in thrombinaggregated platelets there was a decrease in the transfer of albumin-bound palmitic acid into lecithin and into triglyceride. We observed a similar decrease in stearic acid incorporation into both triglyceride and lecithin.
Furthermore, there was also a decrease in the incorporation of these two saturated fatty acids into phosphatidyl ethanolamine (Fig. 7) .
In contrast to the effect of aggregating agents on saturated fatty acid incorporation, thrombin caused enhancement of oleic acid incorporation into both lecithin and phosphatidyl ethanolamine, but triglyceride synthesis was impaired to the same extent as with saturated fatty acids. There was an intermediate effect of thrombin on the incorporation of linoleic acid: uptake into triglycerides was depressed, but total incorporation into lecithin and phosphatidyl ethanolamine was apparently not altered. Polylysine caused alterations in the pattern of incorporation that were similar to those of thrombin, differing only in that the incorporation of oleic acid resembled that of linoleic; neither stimulation nor depression of incorporation into phospholipids was seen, but triglyceride synthesis was strikingly depressed.
Our data, of which representative experiments are shown in Table IV are consistent with those of Spector, Hoak, Warner, and Fry (5). We have found that the bulk of fatty acids taken up by the platelet remain as free fatty acids; that there is not a major change in free fatty acid radioactivity during the incubation but that the incorporation of fatty acids into complex lipids is time-dependent. Our data further show that the defect in lecithin and triglyceride synthesis observed for saturated fatty acids does not reflect impaired "loading" of the plasma membrane during the process of aggregation, but rather defective incorporation of free fatty acids from the membrane. Since the membrane-associated fatty acids were retained by the platelet despite vigorous washing, the defect presumably lies beyond the transfer of fatty acids from the exterior of the platelet to the more internal site of lipid assembly.
The observations derived from the acetate, glycerol, and fatty acid incorporation studies are consistent with the general hypothesis that aggregation of platelets by both thrombin and polylysine is associated with a defect in complex lipid assembly from fatty acids either synthesized within the cell or taken up from the plasma. Since we have previously shown that the bulk of fatty acids formed from acetate are saturated, the defect in incorporation of newly synthesized fatty acids into lipid complements our observations with palmitic and stearic acids.
The mechanism by which thrombin causes depression of incorporation of all fatty acids into triglycerides and of saturated fatty acids into phosphoglycerides while causing stimulation of incorporation of oleic acid remains unknown. However the combined data suggest that thrombin inhibits de novo assembly of complex lipids at a step common to both phospholipids and glycerides. In addition it may, by altering the configuration of the platelet membrane or by releasing endogenous phospholipase, enhance acylation of monacyl phospholipid receptors. Direct evidence for a thrombin-induced alteration of the conformation of the platelet surface has recently been presented (15) . The overall rate of incorporation of unsaturated fatty acids into total platelet lecithin might then reflect a combination of two opposing processes-impaired novo lecithin formation and accelerated direct acylation. Elsbach, Pettis and Marcus (16) were unable to demonstrate an effect of thrombin on the direct acylation of platelet lecithin. However, they used a high concentration of thrombin (5 U/ml) in a buffer medium-conditions which we found (Fig. 1) to impair complex lipid formation.
In their experiments, Lewis and Majerus (3) noted that trypsin affected glycerol incorporation by platelets as well as thrombin, although the effect was fivefold less than that of thrombin. Further, they observed that the effect of trypsin could be abolished by preincubation of the enzyme with soybean trypsin inhibitor, and they suggested that the effects of both agents were mediated by proteolysis presumably of a "thrombin-sensitive protein of platelet membrane (17) ." More recently Majerus and his associates have indicated that the thrombin-sensitive protein might not be the direct substrate for thrombin (18) . They have also shown that plant phytohemagglutinins aggregate platelets and mimic the action of thrombin including the release of the thrombin-sensitive protein from the platelet membrane (15) . Therefore they have questioned their previous assumption that thrombin acts entirely by a direct proteolytic process.
Our data also suggest that the effect of thrombin on platelet lipid metabolism is not solely a consequence of its proteolytic action. The mechanism by which the cationic polypeptide, poly-l-lysine, interacts with platelets to cause aggregation is unknown. Polylysine has no intrinsic proteolytic effect. Presumably, polylysine is first bound to platelets by its epsilon amino groups. Polylysine does not induce the release of serotonin, ATP, or ADP from rabbit platelet granules (19) . Thrombin has a complex effect on platelet aggregation (20) . In plateletrich plasma, it initiates primary platelet aggregation, presumably by a direct proteolytic action, causing release of platelet nucleotides which then initiate a second wave of platelet aggregation. Thrombin also causes irreversible fusion of platelet aggregates. In our studies we utilized conditions-low pH, absence of fibrinogenwhich limit the effect of thrombin to primary aggregation in that the platelets could not respond with secondary aggregation to the released intracellular constitulents. We suggest that the effects of polylysine and throniibin on lipid metabolism are linked through their ability to initiate primary aggregation, a property shared by trypsin, and that the effects of both agents oil lipidi metabolism are secondary to a process initiated within the platelet by aggregation. At least one of the consequences of aggregation may be proteolysis of key membrane proteins by degradative enzymes located within the platelet. In preliminary experiments with Dr. Robert Rosenberg, we have demonstrated that both thrombin and polvlysine cause similar alterations in the sodium dodecvl sulfate polyacrylamide gel electrophoretic patterns of platelet membrane preparations consistent with the effects now reported for plant phytohemagglutinins (16) .
